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FOREWORD

The program discussed herein was initiated to develop an RL10A-3-3
rocket engine oxidizer pump configuration eliminating metal-to-metal
rub of the inducer on the housings during all normal engine operationm,
without adversely affecting the overall pump performance. Although no
difficulties were encountered from this rubbing during the engine and
component testing with this design, experience on oxidizer pumps in other
engines suggested that metal-to-metal rub was undesirable. Therefore
a program was initiated to develop a configuration with no metal-to-

metal rub.

This report presents the results of this development program con-
ducted on the RL10A-3-3 engine oxidizer pump under NASA Contract NAS8-15494
for the period August 1965 to June 1966.
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ABSTRACT

This report presents the results of the development program conducted

on the RL10A-3-3 engine oxidizer pump under NASA Contract NAS8-15494 for
the period August 1965 to June 1966.

The

1.

The

The

objectives were to:

Develop an oxidizer pump configuration to eliminate inducer-
to-housing metal-to-metal rub without adversely affecting

pump performance.

Determine the cause of the oxidizer pump test rig fires
encountered during investigative testing directed toward

the requirements of objective 1.
program consisted of:

Oxidizer pump rig tests with increased inducer-to-housing
clearances, a carbon insert rub ring, and intentionally

heavy inducer-to-housing rubs

Engine tests with increased inducer-to-housing clearances

and with a carbon insert rub ring

Design analysis

Pump shaft and housing static deflection tests

Rub tests in liquid oxygen of the materials used in the
oxidizer pump.

results were:

A carbon insert was added to the inducer housing bore for
a labyrinth seal rub ring. The inducer blade-to-housing
clearance was increased on the unshrouded portion of the
inducer. This has eliminated the inducer-to-housing
metal-to-metal rub on all engine and component testing

conducted to date. Pump performance was not adversely

affected by these changes.
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The probable cause of the oxidizer pump test rig fires
encountered during this program was a rub between the
impeller front meridional contour and the housing.
Operating conditions in the experimental test rig and
the test configuration during which fire occurred, were
not representative of engine conditions and no fires
have occurred during RL10A-3-3 engine testing in over
1800 firings. However, the pump rig test indicated a
potential problem and the impeller-to-housing clearance
was increased for added margin in the RL10A-3-3 pro-

duction engines.

iv
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SECTION I
INTRODUCTION

The RL10A-3-3 rocket engine is a regeneratively cooled, turbopump-
fed engine with a single chamber and a rated thrust at altitude of
15,000 1b, and a nominal specific impulse of 444 sec. Propellants are
liquid oxygen and liquid hydrogen injected at a nominal oxidizer-to-
fuel mixture ratio of 5.0:1. Rated engine thrust is achieved at a nominal

design chamber pressure of 400 psia with a nozzle area ratio of 57:1.

The initial RL10A-3-3 rocket engine oxidizer pump design permitted
metal-to-metal rub of the inducer labyrinth seal on the bore of the inducer
housing. Although no difficulties were encountered from this rubbing
during the engine and component test program with this design, experience
on oxidizer pumps in other rocket engines suggested that the metal-to-
metal rub was undesirable; therefore, a program was initiated to develop

a configuration with no metal-to-metal rub. The objectives were to:

1. Develop an oxidizer pump configuration to eliminate inducer-
to-housing metal-to-metal rub without adversely affecting

pump performance

2. Determine the cause of the oxidizer pump test rig fires
encountered during investigative testing directed toward

the requirements of objective 1.

This report presents the results of the development program con-
ducted on the RL10A-3-3 engine oxidizer pump under NASA Contract NAS8-15494
for the period August 1965 to June 1966.

The RL10A-3-3 oxidizer pump was redesigned from the RL10A-3-1 model
pump to accommodate the revised engine requirement of increased chamber
pressure and reduced pump NPSH requirement. The design requirement
was to deliver liquid oxygen at a nominal flow rate of 185 gpm, with
a pressure rise of 514 psi at a speed of 12,000 rpm and inlet NPSP of

8 psid or less. Significant changes from the RL10A-3-1 pump were:

1. The impeller diameter was increased from 3.90 to 4.20 in.
2. The impeller shroud front vanes were removed

3. The forward impeller-to-housing clearance was reduced

I-1
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4. The inducer diamter was increased from 1.93 to 2.26 in.
5. The forward portion of the inducer blading was unshrouded

6. The abraidable carbon rub ring was removed.

A comparison of the design differences between the RL10A-3-1 and the

RL10A-3-3 oxidizer pump is shown in figure I-1.

Inducer seal clearances were set as low as possible for optimum pump
performance 1in the RL10A-3-3 oxidizer pump design, and rubbing between
the stainless steel inducer labyrinth seals and the aluminum inducer
housing was a normal occurrence. In previous engine models, the RL10A-3
and RL10A-3-1, the oxidizer pump design permitted the inducer seals to rub
against a carbon liner inserted into the inducer housing. This design
was successful, and accumulated more than 250 hours of engine testing
with no operational problems. However, the RL10A-3-3 model oxidizer pump

was redesigned for improved pump performance, simplification, and con-

vertibility to fluorine operation. This design did not have the carbon

insert since carbon material is not fluorine compatible.

The decision to allow metal-to-metal rubbing in the inducer seal
areas was supported by favorable results from rub tests in liquid oxygen
conducted on a specially constructed test rig and oxidizer pump rig tests
specifically directed to determine inducer-to-housing rubbing compatibility.
The rub test program on the special rub rig is described in attached
Appendix A. The RL10A-3-3 development engines have accumulated more than
53 hours of test time, and 140 hours of oxidizer pump rig testing with
this configuration have been completed with no detrimental or hazardous
pump operation from the inducer-to-housing rub. Inducer-to-housing
rubbing was experienced during the major portion of this testing. A
typical inducer housing showing the inducer seal and blade rubs is shown

in figure I1-2,

Although RL10 experience has been satisfactory, oxidizer pump failures
resulting in fires have occurred in other pump designs. The failures,
attributed to various causes, were commonly associated with a metal-to-
metal rub in the pump. From this experience, it was believed possible
that a fire could ultimately result from the conditions existing within
the RL10 oxidizer pump. Elimination of the metal-to-metal rubs was con-
sidered desirable for improved reliability.

I-2
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Figure I-2. RL10A-3-3 Oxidizer Pump Inducer FD 18340

Housing

T




Pratt & Whitney Rircraft
PWA FR-1890

The actual NPSH requirement for the RL10A-3-3 oxidizer pump was
lower than the minimum engine performance specification requirements.
Therefore, increasing the inducer housing clearances at the expense of
raising the NPSH requirements nearer the engine specification limits was
considered a prime approach to eliminate the metal-to-metal inducer rubs.

This was the initial plan for the program.

During this clearance change program, two fires occurred on experi-
mental oxidizer pump test rigs. As a result, a separate test program
was conducted to determine the origin of these fires. Results of this
program showed that with increased inducer-to-housing clearance, an
increased diameter impeller, and pump operation in deep cavitation,
shaft and housing deflections large enough to permit the front side of
the pump impeller to rub against the inducer housing can occur, and
that such rubbing can result in a fire. A fire was initiated during a
special test in which the impeller front side-to-housing clearance was
set at a reduced value (outside drawing tolerances) to permit rubbing
to occur., Fires could not be started from excessive inducer labyrinth

seal or blade rubs,.

An inducer and inducer housing design was established that satisfied
the original program objectives with no loss in pump performance, This
design incorporated a carbon insert in the inducer housing to provide an
abradable rub surface for the inducer labyrinth seals, The impeller front
side-to-housing clearance was increased to provide additional impeller-
to-housing clearance margin. Also, the inducer blade-to-housing clearance

and the inducer shroud-to-housing axial clearance were increased.
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SECTION II
TECHNICAL DISCUSSION

A. DESCRIPTION OF TEST EQUIPMENT

All testing was performed on oxidizer pump test stand B-17. This test
stand, shown in figure II-1, consisted of an electric drive motor with a
reduction gearbox and dynamic drive connected, through a torque measuring
device, directly to the oxidizer pump shaft. The pumped fluid, liquid
oxygen or liquid nitrogen, was supplied to the rig from an insulated
storage tank. A boost pump upstream of the test pump inlet provides for
ciculating liquid from the storage tank through the pump and back to the
tank for cooling the rig and stand system and also provides the selected
oxidizer pump inlet pressure. The oxidizer pump discharge flow was
returned to the propellant supply tank. The oxidizer pump speed, flow,
and inlet and discharge conditions were all manually controlled. A

schematic of this system is shown in figure II-2.

The standard test oxidizer pumps were RL10A-3-3 parts list pumps
adapted to the test stand drive system by replacement of the oxidizer
elbow housing with a test adapter housing. Figure II-3 shows a cross-
sect ional view of the RL10A-3-3 oxidizer pump. A view of a pump mounted
in the test stand is shown in figure II-4. 1In addition, an oxidizer
pump rig, B71C005, was specifically designed to provide controlled radial
movement of the oxidizer pump shaft during pump operation to force heavy
inducer labyrinth seal-to-housing rubs., This was accomplished by con-
taining the thrust bearing support in a movable yoke. A drawing of this
rig is presented in figure II-5. The yoke position and movement were
controlled by a shaft driven by an air cylinder with appropriate stops,
as seen in figure II-6. Radial movement of the yoke and bearing forced
the inducer into heavy rubbing on the housing bore. Radial loads up to
1500 1b could be applied to the bearing support with the air cylinder.

Figure II-7 shows a typical pump installation in the cryogenic test stand.

Two separate programs were actually conducted; therefore, the technical
discussion will be divided into two parts, each part describing one of

the stated objectives.

II-1
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Figure II-7. RL10 Oxidizer Pump Rig B71C005 FD 18365
Mounted in Test Stand
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B. OXIDIZER PUMP INDUCER CLEARANCE PROGRAM

This program consisted of a series of oxidizer pump tests to determine
the effect on pump head rise and inlet net positive suction pressure (NPSP)
of increasing the inducer labyrinth seal-to-housing and blade-to-housing

clearances, and to establish the minimum clearances required to eliminate

rubbing.

The minimum pump NPSP requirement, by definition, is the minimum pump
inlet pressure above the vapor pressure of the pumped fluid at which the
pump pressure rise is no less than 97% of the value at high NPSP levels.

In this report a decrease in head rise at fixed speed and flow will be
termed "cavitation." Thus the minimum NPSP is determined at the point

that the pump is 3% in cavitation or 3% below the normal head rise for

the particular speed and flow conditions. The RL10A-3-3 oxidizer pump
minimum NPSP requirement, established from both rig and engine data, at

a speed of 11,700 rpm and 192 gpm flow, is 3.6 psid, as shown in fig-

ure II-8, which is considerably below the engine specification minimum

of 8 psid. This is the nominal speed and flow rate during engine operation
at a mixture ratio of 5.6. During the previous development programs, tests
were conducted at pump speeds of 11,000 and 12,000 rpm, and at flow rates

of 175, 185, and 192 gpm, covering the engine requirements. For the subject
program one speed and one flow point was considered sufficient to determine
the comparative performance of a modification. The selected comparison con-
dition was 11,000 rpm and 185 gpm. A tabulation of the tests performed

in this and the fire investigation program are summarized in table 1.

The RL10A-3-3 oxidizer pump parts list inducer-to-housing labyrinth
seal and blade nominal diametrical clearances were 0,010 and 0.040 in.,
respectively. (Throughout this report all clearances will be diametrical
unless otherwise specified.) For the first three tests the labyrinth
seal clearances were opened to 0.020, 0.050, and 0.080 in., respectively,
and the blade clearance was held constant at 0.040 in. (rig B71C003,
tests 1, 2, and 3 in table 1). The test results, presented in figure II-9,
show that the NPSP requirement was significantly increased with increased

clearance. The NPSP specification limit of 8 psid was exceeded above

1I1-9
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0.035 in. inducer labyrinth seal clearance. Although some seal rubbing
was still evident at clearances greater than 0.035 in., the rig program
was continued to determine if rub conditions in the rig were the same

as in the engine and to define a configuration for engine test.

Since inducer blade rubbing was also observed, the blade clearance
was increased to 0.050 in. for the next test. For this test, rig B71C003,
test 4, the 0.050-in. blade clearance was combined with a labyrinth seal
clearance of 0.030 in. to maintain NPSP specification limit. The NPSP
requirement, instead of slightly increasing as expected, was reduced to
2.5 psid, as shown in test 4, figure II-10. The test was repeated, rig B71C003,
tests 5 and 6, except the labyrinth seal clearance was increased to 0.040 in.
This change in the seal clearance produced an effect that paralleled the
original labyrinth seal clearance curve. Further testing with blade clear-
ances of 0.060 and 0.070 in., rig B71C003, tests 7 through 9, figure II-10,
verified that the NPSP requirement was sensitive to the blade-inducer
clearance match. This characteristic of the pump NPSP performance was
attributed to the increase in inducer leakage past the labyrinth seals that
changed the pre-swirl forward of the inducer and improved the fluid incidence
angle into the inducer blading. The improved NPSP effect on the pump

reached an optimum between a blade clearance of 0.060 and 0.070 in.

Compromises between inducer labyrinth seal and blade clearances were
investigated. A minimum inducer seal and blade clearance of 0.040 and
0.050 in., respectively, was necessary to maintain an adequate NPSP require-
ment. However, test results showed that the 0.040-~in. labyrinth seal clear-
ance would not eliminate the metal-to-metal rubs. The inducer seal rub
with the increased inducer clearance was as severe as with the original
close clearance. The heaviest contact area was always oriented in an
arc nominally * 60 degrees opposite the cutwater in the impeller housing,
although 360-degree rubs in the inducer housing were at times observed.
The orientation of the contact area was consistent with the unsymmetrical
loading of the inducer and impeller caused by the varying pressure levels
existing around the impeller periphery. The pump shaft was deflecting
radially, and as the seal clearances were increased the pump shaft de-
flected further. The labyrinth seals rubbing against the inducer housing

had been acting as a bearing and prevented further shaft deflection.
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The oxidizer pump head rise was also decreased approximately 2% be-
cause of the increased recirculation with increased seal clearance. With
a high engine mixture ratio, the loss in the head rise was greater than
tolerable for satisfactory engine operation. The oxidizer impeller dia-
meter was therefore increased 0.10 in. to 4.30 in. for the next test

increasing the head rise approximately 5%.

The planned objectives of the next pump tests, rig B71C003, tests 10,
11, and 12 (table II-1), were to determine:

1. The pump NPSP characteristics with seal and blade clearances

of 0.040 and 0.050 in., respectively
2. Pump head rise with the 4.30-in. diameter impeller
3. The effect of an eccentric inducer-to-housing clearance.

The eccentric clearance was set by machining an eccentric opening in
the inducer housing offset in the direction of maximum inducer rubbing.
This increased the radial seal and blade clearance on one side and retained
the parts list clearance on the opposite side providing the needed local
clearance to compensate for the shaft deflection without losing the nec-

essary close clearances essential for NPSP performance.

There was no blade or labyrinth seal rub on test 10 with seal~ and blade-
to-housing clearances of 0.040 in. and 0.050 in. respectively. Test 11 was a
repeat of test 10 except that the 4.30-in. diameter impeller was installed.
This test was terminated, after 27 minutes duration, by a failure resulting
in a fire. The pump was operating at a speed of 11,000 rpm, flowing
185 gpm, and was approximately 12% in cavitation. This was the first
series of cavitation points in this test taken to determine the minimum
NPSP requirement. No abnormalities were noted before the fire was ob-
served. General views of the failure can be seen in figures II-11, II-12,
I1-13, and II-14. The initial investigation concluded that the probable
cause of the failure was a result of a failed front bellows seal rub plate
shown in figure II-15. The rub plate was a development part made of
Kentanium material being tested as a part of the shaft seal development
program. This initial conclusion, however, became questionable when in
test 12 of rig B71C003 a repeat failure occurred after completing 1.27

hours of testing. The Kentanium rub plate had been replaced with the

II-16
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parts list rub plate for this test. This second failure occurred after
the third NPSP data run had been completed. The pump, recovering from a
35% cavitation point, was operating at a speed of 12,000 rpm and a flow
of 185 gpm. Again no pump abnormalities were observed before this failure.

General views of the failed pump are shown in figures II-16, II-17, II-18,
and II-19.

With the advent of the two fires it became essential to investigate
these failures before any further approaches to the inducer-to-housing

metal-to-metal rub problem could be undertaken.
C. OXIDIZER PUMP FAILURE INVESTIGATION

Analysis of the failed pumps indicated that a fire could have originated
in the impeller or inducer area, or possibly from a failed impeller housing
cutwater. The initial investigation revealed similarities between both

failures as listed below:

1. Both fires occurred while the pumps were operating in

cavitation
2. Inducer-to-housing clearances were increased in both pumps

3. An increased diameter impeller was incorporated that reduced
the impeller-to-housing radial clearance from 0.100 to

0.045 in.

Extensive experience has been accumulated on RL10A-3-3 oxidizer pumps
running in cavitation. More than 18.6 hours of cavitating pump operation had
been completed with no detrimental pump effects except for slight erosion
of the impeller housing cutwater. However, oxidizer pump testing with

increased inducer clearances and increased diameter impellers was limited.

An instrumented oxidizer pump was assembled to the same configuration
and running clearances as the first pump that failed. Tests were conducted
at conditions equivalent to those experienced by the failed pumps except that
the pumped fluid was nitrogen rather than oxygen. The purposes of these

tests were to determine the following:

1. The magnitude of pump discharge pressure fluctuations due to
reduced impeller-to-cutwater radial clearance resulting from

the large impeller, as compared to the parts list impeller

2. The location of any rubs occurring during operation in deep

pump cavitation.
11-17
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0.5 1.0
Inches

1.5 2.0

Figure II-15, RL10A-3-3 Oxidizer Pump Failed Front FD 18122
Bellows Seal Rub Plate (Rig B71C003-11)
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This program was conducted on rig B71C003, tests 13 through 16,

table II-1 , and the results were:

The
pumping
inducer

support

The peak-to-peak pump discharge pressure fluctuation was 100
to 160 psi at the 6th order of pump speed with the increased
diameter impeller as compared to 10 to 50 psi at the 2nd
order of pump speed with the parts list impeller., During
cavitation, the magnitude of the pressure fluctuations de-
creased for both configurations. The pump tested with the
increased diameter impeller was run for a duration exceeding
the time accumulated on either failed pump and no evidence

of erosion or cracking in the cutwater areas was found.

Thus, the high frequency, high pressure pulsations originating
from the impeller blading were not detrimental to the cut-
water in these tests. However, results may differ for opera-
tion with liquid oxygen because of the attendant higher

density.

Inducer labyrinth seal and forward blade rubs resulted from
the above tests, which included deep cavitation runs to 40%.
There were no impeller rubs. Contact between the inducer
and inducer housing was similar to that observed during pre-
vious engine and rig pump testing as seen in figures II1-20,

through II1-22.

rig was next tested with a parts list impeller in deep cavitation,
liquid oxygen,to determine if a fire could be started from a heavy
blade-to-housing rub. A heavy rub was expected since no bearing

to prevent shaft deflection would be obtained from the labyrinth

seals~-to-housing rub. A high clearance (0.180 in.) was set between

the labyrinth seals and the housing to prevent rubbing in this area; any

rubbing would be the inducer blading on the housing. No fires occurred

during repeated test runs with the blade clearance initially set at

0.010 in. and the pump operating at the 40% cavitation levels. During

these tests, the inducer blading wore approximately 0.033 in., which was

greater

than any previous experience.
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Inducer Labyrinth
Seal Rub Grooves

Figure II-20. RL10A-3-3 Oxidizer Pump Inducer FD 18328
Housing (Rig B71C003-15)
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Inducer

Blade Rub - )i Inducer Labyrinth

Seal Rub Grooves

Figure II-21. RL10A-3-3 Oxidizer Pump Inducer FD 18327
Housing (Rig B71C003-16)
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Blade A

D

Hub S tdce Labyrinth ’Swea”l'sw—~M‘v

Figure II-22. RL10A-3-3 Oxidizer Pump Inducer FD 18357
Housing (Rig B71C003-16)
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Pump tests were also conducted on special rub rig, B71CO005, shown on
figure II-5 with heavy inducer labyrinth seal-to-housing rubs. A wide blade
clearance of 0.140 in. was set to prevent rubbing in the blade area. 1In
these runs the inducer was forced against the inducer housing with a 1000-1b
load applied radially at the thrust bearing support. Again no fire was
produced. Labyrinth seal grooves to the depth of 0.0l4 in, were worn into

the housing as can be seen in figure 1I-23.
The extensive past experience with labyrinth seal and inducer blading

rubs, in addition to the results from the above tests, indicated that
frictional heat resulting from an inducer seal or blade rub would not
induce a fire. Sufficient cooling is available from the liquid oxygen
preventing, in the rubbed area, a temperature rise high enough to sustain

combustion.

The objective of the next test series was to determine if an impeller
rub was the origin of the pump failures. To induce rubbing the impeller-
to-housing axial clearances, forward and aft, were reduced as described
below. The test fluid was liquid oxygen.
increased to preclude inducer rubbing. Tests were conducted with the
rear side impeller axial clearance reduced from 0.069 to 0.033 in. and
then further reduced to 0.014 in, No rubbing occurred after pump operation
to the 407 cavitation level. The impeller forward axial clearance was
then set to a minimum of 0.027 in. After 40 minutes of pump operation,
during the second cavitation run, a fire did occur. The clearance condi-
tions were such that the impeller inner front contour could rub the inducer
housing if there was radial deflection of the shaft. The resulting fire
was similar to the two previous fires, and the pump parts are shown in fig-
ures II1-24 through II-26. It was significant that the oxidizer pump
thrust bearing ran in the forward rather than the normally rear direction,
thus further reducing the forward impeller clearance by approximately
0.017 in. The bearing had also run in the forward position on the two
previous pump fires, indicating that either an oversized impeller or
reduced impeller shroud-to-housing front side clearance would reverse the
pump thrust load. The fires could have been caused by impeller-to-housing
rubs because of reversed thrust load combined with shaft and housing

deflections.
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Figure II-23. RL10A-3-3 Oxidizer Pump Inducer FD 18341
Housing (Rig B71C005-3A)
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Duplicate tests, rig B71C003, tests 22 through 24, were conducted with
liquid nitrogen to repeat the above conditions with standard impeller clear-
ances in an attempt to induce impeller-to-housing rub without an attendant
fire. These tests did not produce an impeller rub. However during the
initial testing of oxidizer pump shaft deflection rig, B71C005, figure II-5
and test 1, table II-1, in liquid nitrogen an impeller rub was experienced.
The pump configuration included a parts list impeller and opened inducer
clearances. The impeller-to-housing forward axial clearance was 0.056 in.
and the inducer blade and labyrinth diametrical clearances were 0.230 in. and
0.200 in., respectively, to ensure no contact with the inducer housing. The
pump was recovering from a run in deep cavitation, and the pump shaft (mov-
able in this rig) was in its center or parts list position, when the impeller
rub was audibly detected. The forward face of the impeller shroud had rubbed
the inducer housing as shown in figure II-27. No fire resulted since the
pumped fluid was liquid nitrogen. It should be noted that similar operating
conditions existed prior to the previous oxidizer pump fires, and this rub
resulted from the same situation as previously described. This test demon-
strated that an impeller-to-housing rub was possibie and could have caused

the previocus pump fires.

A design study of the tolerances affecting the impeller-to-housing axial
clearance was initiated to determine the cause of this rub and to determine
if this rub could have occurred on the previous fires. Results of this study
are described for the first fire and are representative of study results for
each fire. For the first pump fire the impeller-to-housing forward clearance
was measured to be 0.051 in. at the impeller OD. The design study showed
that the minimum clearance did not occur at the impeller tip, but was located
along the impeller contour near the bore. This minimum clearance was 0.032 in.
with the oxidizer pump rotor running in the normal rearward position on the
thrust bearing. The shaft was actually running in the forward position on the
thrust bearing as determined from inspection of the bearing and this reduced
the clearance to 0.022 in. Radial and axial thermal growths of the pump shaft
and housing lowered this clearance an additional 0.004 in. The average shaft-
to-housing stackup concentricities of 0.005 in. added to the contour tolerances
of 0.006 in. could have reduced the running clearances, without any shaft

deflection, to a minimum of 0.007 in. Therefore, at extreme thermal and
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tolerance conditions, a shaft deflection of 0.007 in. could cause an
impeller rub. Deflections exceeding these values, as determined from
measurement of the depth of inducer rubs, were observed during previous
testing. The relationship between inducer radial deflection and impeller-
to-housing deflection is shown in figure II-28. With 0.012-in. inducer
blade tip movement, a 0.010-in. impeller deflection toward the inducer
housing also occurs. Thus both the design study and test experience

verified that an impeller rub was the probable cause of the fires.

In addition to the design analysis a series of static deflection tests
was conducted on the oxidizer pump shaft and housings. The objectives

were to determine:

1. The deflections of the shaft and housing over a representa-

tive load range

2. 1If structural changes would be required to reduce these

deflections during pump operation.

Three series of tests were conducted, the first with only the rotating as-
sembly mounted rigidly at the front bearing location, the second with the ro-
tating assembly mounted in the engine housings that were in turn mounted to a

rigid support, and the third with a complete turbopump mounted in an engine.

The test configuration for measuring shaft deflection only is shown
in figure 11-29., The rig during a typical test is shown in figure II-30.
The radial load and bending moment relationship from the unsymmetrical
pressure distribution around the impeller and inducer are presented in
figure I1-31. The maximum differential in pressure around the impeller
was 15 psid as determined from testing. This results in a radial load
of approximately 75 1lb. Deflection test results for the oxidizer pump
shaft compared with the predicted deflection values are shown in fig-
ure II-32. A significantly high load, approximately 300 to 500 lb, was
required to produce an impeller movement of 0.010 in. This was much
higher than the maximum load of 75 1lb calculated from test data. The
shaft deflection characteristics taken at 400-1b radial load, shown in
figure II1-33, represent a normal deflection curve for a cantilever beam,

indicating no unusual deflection characteristics.
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Impeller Rub Area

Figure II1-27. RL10A-3-3 Oxidizer Pump Impeller
(Rig B71C005-1)
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Required Inducer Radial Loads or Impeller Moments
(or combined loads) to Produce a 0.010 inch Shaft
Deflection
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Figure II-34, Calculated RL10A-3-3 Oxidizer Pump FD 18325
Inducer Radial Load vs Impeller
Moment
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These data suggest that additional radial forces must be acting on the
inducer and impeller or on the housing to cause the rubs observed during
pump testing. To produce a 0.010-in. shaft deflection from a pure moment ,
850 in.-1b is required, figure II-34, as compared to a maximum moment of
260 in.-1b determined from pump tests, figure II-31. A plot showing the
calculated individual radial load or moment of the impeller and inducer
and/or a combination required to produce a 0.010-in. shaft deflection is
presented in figure II-34. It should be noted that the necessary dif-
ferential pressure around the impeller and inducer to produce these forces

was not observed during pump testing.

With the inducer housing removed, deflection tests were continued on
an assembled oxidizer pump. A load was applied at the center of the inducer
with an equal and opposite load applied to the impeller housing forward
flange as shown in figure II-35. The deflection curves, presented in fig-
ure II-36, compared closely to previous tests (measured values, fig-

ure II1-32)., The impeller housing deflection was minor.

A substantial deflection of the inducer forward flange was measured
during tests with the turbopump mounted on an engine. The test configura-
tion for loading the inducer flanges is shown in figure II-37. Both shear
and moment loads were applied at representative radial directions to the
maximum allowable installation values of 200 1b and 2200 in.-1b, respec-
tively. 1Inducer housing front flange deflections from 0.008 to 0.013 in.
were recorded. Therefore, engine or rig installation flange loads can

cause a reduction in the inducer radial and impeller axial clearances.
The conclusions reached from the investigation described above were:

1. The oxidizer pump fires resulted from a rub between the

impeller and the housing
2. The rub was caused by a combination of:

a. Side and vibrational loads on the rotating assembly and
housing that were higher than expected during operation
in deep cavitation. These were aggravated by the

experimental, increased diameter pump impeller.
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b. Increased inducer labyrinth seal clearance. This
allowed greater deflection of the inducer relative
to the housing so that impeller rub could occur before

the inducer rubbed and restrained the shaft.

c. Increased inducer labyrinth seal clearance that, be-
cause of increased recirculation leakage, caused a
decreased pressure on the front side of the impeller,

causing the rotor to run in the forward position.

d. Less than desirable impeller-to-housing minimum design
clearances.

The above combination of parts and circumstances would not occur during
engine operation. However, for additional margin the parts list impeller-
to-housing clearances were increased. With this design, conditions as severe
as encountered in the rig testing would not cause an impeller-to-housing

rub.
D. OXIDIZER PUMP INDUCER HOUSING CARBON INSERT TESTING

To complete the original program objective, i.e., elimination of metal-
to-metal rubbing of the inducer on the housing, testing of an inducer
housing was initiated with an abradable carbon insert, similar to the
oxidizer pump design in previous RL10 engine models. Carbon was selected
because of the extensive satisfactory experience on previous RL10 engine
models totaling more than 5500 firings and 800,000 seconds of engine test
time. This design required an increased inducer blade~-to-housing clearance
to prevent any possible blade rub because of the expected increased wear
of the carbon material when rubbed by the inducer labyrinth seal as com-
pared to aluminum. The blade diametrical clearance, therefore, was in-
creased in steps from 0.050 to 0.100 in. while the labyrinth seal was
set to the parts list diametrical clearance of 0.010 in., reference tests
1 through 4 of rig B71C006, table II-l1. The test results, figures II-38
through 1I-41, show that performance with blade clearances up to 0.100 in.
met specification requirements. The labyrinth seals rubbed as expected,

but there were no blade rubs as seen in figure II-42.
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Figure 1I-36. RL10A-3-3 Oxidizer Pump Impeller
Housing and Inducer Blade Tip
Deflection vs Applied Load
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Turbopump
Assembly

Figure II-37. Oxidizer Pump Inducer Flange FD 18368
Deflection Test Rig
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Inducer Labyrinth
Seal Rub Grooves

Figure II-42. RL10A-3-3 Oxidizer Pump Inducer
Housing (Rig B71C006-4)
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Testing continued with the labyrinth seal clearances increased to

0.022 in., rig B71C006, test 5, to determine the effect of wear and
attendant increased clearance that could occur. Results presented in fig-
ure II-43 show that pump NPSP requirements were essentially unchanged.
For the next test, rig B71C006, test 6, the inducer labyrinth seal shroud-
to-inducer housing forward axial clearance was increased. The inducer hous-
ing in this area was originally contoured to direct the seal leakage flow
back into the inducer inlet at a more favcrable angle. This contour
was eliminated when the forward inducer shroud-to-housing lip was removed
to increase this clearance, slightly affecting the pump performance

characteristics as indicated in figure II-44,

Evaluation of the performance results from the above test program

established the following final oxidizer pump design configuration.

1. The original design 0.010-in. inducer labyrinth seal

diametrical clearance was retained.

2. The inducer blade diametrical clearance was increased to

0.070 in.

3. The inducer shroud-to-housing forward axial minimum clear-

ance was increased to 0.066 in.

4. The impeller-to-housing forward axial minimum clearance was

increased to 0.107 in.

Figure II-45 illustrates the original as compared to the final or current
oxidizer pump parts list configuration. The new inducer and inducer housing
design was subjected to a lO-hour endurance test on rig B71C006, tests 7

and 8. These tests were conducted with liquid oxygen, one hour at the

10% cavitation level and nine hours with normal engine inlet NPSP levels.
Post~test inspection showed the parts to be in excellent condition with

no inducer blade rub but with the usual labyrinth seal rubs (figure II-46).

In addition, several severe rub tests were completed on this configura-
figuration to demonstrate satisfactory operation at extreme conditions
reference rig B71C005, tests 2 and 3. Tests were performed with the
pump operating at the 40% cavitation level. A 1000-1b load was applied
to the thrust bearing support creating shaft deflections to 0.050 in. as
measured at the inducer blade tip. Again, the post-test inspection showed
a deep rub but otherwise the parts were in excellent condition.
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The NPSP performance results from test 7 of rig B71C006 are presented
in figure II-47. No appreciable change in the NPSP requirements is indi-
cated as compared to the original oxidizer pump configuration represented

in figure IT-8. This design has been incorporated into the Parts List

RL10A-3-3 oxidizer pump.
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Inducer Labyr
Seal Rub Area

Figure II-46. RL10A-3-3 Oxidizer Pump Inducer FD 18352
Housing (Rig B71C006-8)
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SECTION III
CONCLUSIONS

The original RL10A-3-3 engine oxidizer pump design performed satis-
factorily under extreme operating conditions that caused severe

metal-to-metal inducer-to-housing rubbing.

Metal-to-metal rubbing in the RL10A-3-3 oxidizer pump was eliminated
by incorporation of a carbon insert in the oxidizer pump inducer

housing and increasing the inducer blade-to-housing clearance.

RL10A-3-3 oxidizer pump fires encountered during rig testing of
non-Parts List pump configurations under conditions outside of
Model Specification limits were caused by impeller-to-housing rub-

bing.

Increasing the impeller-to-housing axial clearance, increasing the
inducer blade-to-housing diametrical clearance, and increasing the
inducer shroud-to-housing axial clearance improved the capability
of the RL10A-3-3 oxidizer pump to operate at conditions outside

of Model Specification limits.
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APPENDIX A
LIQUID OXYGEN RUBBING TESTS ON
RL10 OXIDIZER PUMP MATERIALS

1. FOREWORD

This report describes the tests performed to determine the rubbing

compatibility of various materials in liquid oxygen.

2, ABSTRACT

The standard method of determining liquid oxygen compatibility of
a material is by impacting material immersed in liquid oxygen. However,
the impact test does not give information concerning liquid oxygen com-
patibility in a rubbing condition. A special rub rig was constructed

to evaluate the rubbing compatibility of various materials.

The rub rig tests were designed specifically to simulate possible
rub conditions in the RL10O oxidizer pump at predetermined conditions of

load, speed, pressure, and time. The test samples, with contact con-

figurations of flat end, knife edge, round end, and pointed end, included
those materials exposed to oxygen in the oxidizer pump.

All the materials used in the RL10 oxidizer pump were found compatible
in liquid oxygen under the rub conditions tested. Twenty-four tests were

made without a detonation or severe chemical reaction of the components.
3. TECHNICAL DISCUSSION

a. Method of Test

The rub rig installation on the liquid oxygen test stand is shown in
figures A-1 and A-2. Cooling of the rub face was ensured by introducing
liquid oxygen flow into the rig center and discharging at two locations
around the periphery. The sample port position allowed specimen changes
without removal of the rig from the test stand. Power to drive the rig
shaft was provided by a variable drive motor through a 4:1 pulley system.
Accelerometers were mounted for continuous vibration monitoring during

the tests.
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The rub face was rotated at speeds from 3600 to 8000 rpm (92-204 fps)
while flowing liquid oxygen through the rig at pressures of 60-70 psig.

Specimen exposure time at these conditions was 50 to 300 seconds.

b. Samples

The rubbing condition of the materials tested was obtained by pressing
three cylindrical, spring-loaded specimen pins against the side of a 6.5-in.
OD rub face. Four pin configurations were used as illustrated in figure A-3,
with the pin load limited to one pound for all tests. Pin and rub face
materials were AMS 4130 aluminum alloy, AMS 5646 stainless steel,

AMS 4650 copper-beryllium alloy, and AMS 5646 stainless steel chrome
plated per AMS 2406. 1In addition, pins were made from Purebon 5Ag carbon
and National TS-282 carbon. Wear analysis of the pins was made by measure-

ments of weight and reduction in length.
c. Analysis of Results

The materials tested and results are presented in table A-1l. Twenty-
four tests were made without a detonation or severe chemical reaction
of the specimens. Typical wear patterns from AMS 5646 pin and rub face
combination are shown in figures A-4 through A-8. Where noticeable wear
was evident on the metal pins, black oxides were found on the rub faces.
The carbon pins wore less than corresponding metal pins (test 20), but were

more susceptible to breakage.
4. CONCLUSIONS

The materials used in the RL10 oxidizer pump were found compatible
in liquid oxygen under the rub conditions tested. The carbon material,
on the compatibility threshold by impact tests, was found compatible
by the rub method.
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